The availability of artificial isotopes of physiologically important elements has made possible measurement of the amount of these constituents in the living human body by application of the principle of isotope dilution. A known amount of isotope is administered and allowed to exchange with its naturally occurring brothers while its excretion is measured. When equilibrium is attained, the quantity of element in which the isotope is "diluted" is inversely proportional to the concentration of artificial isotope in natural isotopes (specific activity) of any body sample. This quantity of element we refer to as the body content of "exchangeable" element, which in the case of complete exchange is the total amount of element in the body. Development tracer was carried out (2), and, independently, normal values of the exchangeable sodium in man were determined with Na24 in another laboratory (3).
The availability of artificial isotopes of physiologically important elements has made possible measurement of the amount of these constituents in the living human body by application of the principle of isotope dilution. A known amount of isotope is administered and allowed to exchange with its naturally occurring brothers while its excretion is measured. When equilibrium is attained, the quantity of element in which the isotope is "diluted" is inversely proportional to the concentration of artificial isotope in natural isotopes (specific activity) of any body sample. This quantity of element we refer to as the body content of "exchangeable" element, which in the case of complete exchange is the total amount of element in the body. Development of methods for such chemical anthropometry is providing valuable new devices for investigation of physiologic and pathologic changes in man.
Early application of this principle to body water, sodium and potassium in this laboratory (1) led to the study now being reported. Attention was focussed on potassium (K) because of its important intracellular position and the availability of the short-lived radioactive tracer was carried out (2) , and, independently, normal values of the exchangeable sodium in man were determined with Na24 in another laboratory (3) .
The primary purposes of this study were to develop a method for the measurement of the amount of exchangeable potassium in the living human and to determine such values in healthy adult men. It became evident early that complete exchange was not attained during the period of observation afforded by safe tracer doses of K42 and that choice of a representative sample for analysis was a major problem. It was also evident that the significance of "normal" measurements would be enhanced by examination of the correlations that might exist with other body indices and that might permit extension of our data to studies of other healthy persons and pathologic states.
The body content of potassium is an anthropometric value comparable to body weight, surface area or height and correlations with such measurements were investigated for possible clinical applications. Potassium on a weight basis is an extremely small fraction of the body, approximately 0.2 %, which assumes importance because it is the predominant cation of intracellular fluid. We should expect, then, to derive the greatest significance from studies of potassium in relation to intracellular water but present methods for measuring this phase of body water are indirect and difficult. Despite reservations cell water was estimated in this study as the difference between total body water and thiocyanate space. The almost exclusively intracellular position of potassium renders it probable that the body content of potassium is a good index of cellular mass. This possibility was explored by studying the correlations with total body water, basal oxygen con-sumption, plasma volume, and daily creatinine excretion.
In this paper are presented exchangeable potassium values for 30 healthy adult men, their correlations with other measurements indicated above, and an examination of underlying principles to clarify the meaning of exchangeable potassium measured by our method.
I. EXCHANGEABLE POTASSIUM IN HEALTHY MALES

Experimental procedure
The subjects were 30 white male college students, medical students and house officers from 21 to 32 years of age and in good health. After voiding they were given an intravenous injection of radioactive K' by calibrated syringe. All 
Radioactivity measurements
Radioactivity analyses were performed by evaporating to dryness in 10 ml. porcelain ashing dishes at least duplicate aliquots of the same solution used for potassium analysis, and counting activity with a lead-shielded sidewall Geiger tube and Tracerlab Autoscaler.8 Diluted aliquots of the injected solution were also read in quadruplicate at intervals during the counting for each experiment.
Radioactivity units were based on the counts delivered by an arbitrary uranium acetate standard. Correction was made for background which was usually about 50 counts per minute (c.p.m.) including 10-15 c.p.m. intrinsic in the porcelain dishes. Counting rates were generally high enough to have coefficients of variation below 2.5% and low enough so that no correction for resolving time was needed. Geometry was approximately 10% and was fixed.9 Self-absorption by the amount of solids present in samples was undetectable. Over-all coefficient of variation for duplicate dishes of urine was about 2%; for quadruplicate dishes of injected standard, less than 1%. The Oak Ridge target decays with a half-life of 12.4 hours for about five days, before gradually assuming a half-life of about 20 days (probably rubidium 86). Since readings were made within five days, correction for decay was based on a half-life of 12.4 hours. However, contamination of the K' by rubidium 86 and an unidentified beta-emitter with approximately 50 hour half-life accounts for up to about 2% of the measured activity three days after removal from the pile; as further time passes the contribution to total activity made by these longerlived elements progressively increases. There was never enough K4 present in samples to be significant. Sodium 24 contamination in the single shipment tested10 amounted to only 0.05% of the total radiation.
Chemical potassium determinations
The cobaltinitrite precipitation method of Fiske and Litarzek (5) was used throughout, although occasional samples were also analyzed by flame photometer. Urine was analyzed directly. Plasma was treated as a protein-free filtrate prepared from one part plasma and one part 20% trichloracetic acid; red cells were treated simisAfter this normal series had been completed it was found more satisfactory to measure the radioactivity of purified potassium samples on aluminum planchettes with an end window tube. 9 Evaporation of 10-20 ml. of urine standards yielded 2-5% higher readings than similar water standards, presumably because the solids decreased sample-to-counter- order of 2-4% which is consistent with the reproducibility found in normal subjects (Table I ). . 1 The symbol "K"" is used throughout this paper to
The greatest single source of error was in radioacindicate naturally-occurring potassium (K", K4, K") of tivity measurements; these errors may be reduced by average atomic weight 39.1. elimination of extraneous solids with which were associ- The table is divided into two parts, the second portion showing multiple determinations made on the same subjects, the first a summary of the values for all the subjects. * Average of multiple determinations shown individually in Table I , Continued. t Based on oral administration. Columns 1-4 are self-explanatory. In column 5 is shown the exchangeable potassium (K.) in meq. The value shown is the mean value based on specific activities from a number of urine samples, the number of samples measured for specific activity being indicated in column 6. In column 7 is shown the over-all range of exchangeable potassium values based on these urine activities, as % of mean. In columns 8, 10 and 12 are given the weight, surface area and the oxygen consumption, respectively, and in columns 9, 11 and 13 are given the ratios of the K. and the adjoining index for each patient. The mean, coefficient of variation (standard deviation expressed as % of the mean) and correlation coefficient are given in the first portion of the table. With the exception of plasma volume (Table II) the correlation coefficients are significantly greater than zero but not significantly different from each other. ated false high radioactivity readings. In some instances this error was found to be as much as 5% but was so variable that correction was not attempted.
Correlated measurements
Nude body weight and standing height were observed directly in all subjects and surface area obtained from a nomogram based on the formula of DuBois (6a). Total body water was determined by dilution of deuterium oxide in 12 subjects (2). Twenty-seven had thiocyanate space measurements by the method of Crandall and Anderson (7) modified for the Evelyn photoelectric colorimeter,12 12 Ten ml. of a 5% solution of sodium thiocyanate was injected intravenously by calibrated syringe after withdrawal of a blood sample. Further samples were taken at approximately 40 and 60 minutes. A protein-free filtrate was made from one volume serum, four volumes water, and five volumes 10%o trichloracetic acid. The color produced by adding five volumes of this proteinfree filtrate to one volume ferric nitrate reagent was read and seven had simultaneous measurements of plasma volume by the method of Gibson and Evelyn (8) . Basal oxygen consumption was determined in 23 with BenedictRoth or Sanborn clinical apparatus, and 24 hour urine creatinine was measured in five by the method of Peters (9) .
Results
The measurements of healthy male subjects are summarized in Tables I-III . In addition to all individual values the mean and coefficient of variation for the group are shown, with the exception that subject A. G. is not included in the statistical analysis because his measurements are far enough above the usual adult male range to skew on an Evelyn colorimeter, using filter 515. Concentrations were determined from a standard curve prepared from known NaSCN solutions. Columns 1-3 are self-explanatory. In column 4 is given the exchangeable potassium (K.) calculated from specific activity of bladder urine at 40 hours, and in column 5 the differences between column 3 and column 4. In column 7 is given the specific activity of the urine found in the bladder at the time of sacrifice (40 hours after injection) and in column 6 the specific activity of the entire digested animal. In column 8 is given the per cent of injected K42 found in the carcass, excreted urine and feces, and removed blood and tissue samples. The letter "u" refers to arbitrary radioactivity units.
(10) which was based largely on animal data and agrees with our analytical figure for rabbits (Table IV) . To find the closest correlation possible from our data the regression line of exchangeable potassium on body weight was cal- (Table I) . This is considerably different from the direct ratio but the significance of this difference cannot yet be determined.
At best body weight can be only an approximate index of body potassium. Hastings (11), Rathbun and Pace (12, 13) (16) , methods for its use are so cumbersome that they often preclude it. In healthy persons the thiocyanate space (7) seems related to extracellular water though certain cells such as erythrocytes, thyroid and gastric mucosa admit thiocyanate and produce an apparent volume of dilution that is about one-third greater than the inulin space ( 16). This relationship has been shown to be grossly changed in some diseases and is certainly open to question in all abnormal states (17) . Despite these reservations dilution of thiocyanate is one of the practical methods for estimating extracellular water and, as such, was applied to the normal individuals in this study. Similarly the sodium space is probably a poor estimate of extracellular water, particularly in conditions affecting cell permeability to cations, but by this method the amount of exchangeable sodium in the body can also be measured (1, 3) . Unsolved difficulties in the simultaneous use of K42 and Na24 did not permit use of the latter in this study. The estimated values for mean "intracellular" potassium concentration in 12 normal subjects (Table II) We may conclude that the exchangeable potassium content of healthy individuals can be measured with good reproducibility, that body weight is in these preliminary studies a satisfactory basis for clinical estimation of potassium content in the normal and that other correlations should be sought over a wider range of measurements after certain improvements in present methods.
II. EXAMINATION OF UNDERLYING PRINCIPLES
The validity of isotope dilution methods for the measurement of body constituents depends upon adherence to certain fundamental conditions. First, the tracer should be treated by the body as though it were the traced. This precludes isotope effects, metabolic changes that the traced does not undergo, and toxicity. Second, at the time of measurement of equilibrium specific activity the tracer should be distributed throughout the body in direct proportion to the constituent being measured; i.e., the specific activity of all tissues should be identical. For practical purposes there should be readily available a body sample where this specific activity can be measured directly and the excretion rate of tracer should be easily measurable and small compared with its rate of exchange so that proportional distribution can be attained without excessive loss of tracer from the system. Each of these problems will be examined with respect to dilution of K42 as a measure of body potassium.
Tracer properties of K42
It has been shown for isotopes of low atomic weight, where addition of a neutron changes atomic weight considerably, that isotopes of the same element may be treated differently in both chemical and biological systems, especially if present in high concentration (18, 19) . The extent of this "isotope effect" for K42 seems minimal. Natural potassium is a mixture of K39, K40 (naturally radioactive) and K41 with an average atomic weight of 39.1. Potassium 42 is only 7.4% greater in mass than this average mixture. Comparison of radioactivity of potassium from cadaver ashes and from pure laboratory reagents has shown that K40 is probably 1-2%o less abundant in the former (20) . On the other hand, study by mass spectrograph of the K4/K89 ratio in human tissues and laboratory reagents has revealed no difference in most tissues, slightly increased abundance of K"1 in bone marrow and slightly decreased abundance in tumors (21) . Such evidence from the naturally occurring isotopes suggests that differences in handling of K'2 and natural K in the body are of little importance in isotope dilution experiments.
Metabolic destruction or production of tracer need not be considered in tracing an element by use of its own isotope. The physical change of radioactive decay in which K42 gradually becomes a chemically equivalent amount of naturallyoccurring non-radioactive calcium 42 is unimportant because the quantities involved are negligible.
The chemical toxicity of potassium is a potential danger in intravenous or oral administration but 0. The control of dosage in relation to radiation hazard has been mentioned in the section on radioactive potassium administration.
Tissue distribution of K42
The problem of distribution is more complex. Early studies during the first 24 hours after injection of cyclotron-produced K42 (22) (23) (24) (25) had indicated that administered potassium was exchangeable with body potassium in rats, frogs, rabbits and cats but that rates of exchange varied widely in different tissues of the same animal. Species differences were small. In order to determine how nearly equilibrium could be reached using K'2, specific activities of human and rabbit tissues and fluids were obtained up to 50 hours after administration.
Human tissues were obtained at operation in hospital patients at varying periods after injection. Small samples taken from the surgical specimen, biopsies of striated muscle, urine and protein-free filtrates of plasma and red cells were analyzed for radioactivity and potassium. Tissue analyses for potassium were done on Ha extracts of samples ashed in the porcelain dish used for radioactivity counting, but it was found later that variable amounts of potassium (from 0-15%o) remained in the dish despite prolonged extraction.
Rabbit tissues were obtained from growing rabbits of various strains and adult white Polish rabbits. They were injected intravenously with the same K' solution used in humans, were kept in metabolic cages designed to collect all urine and feces without contamination by food, and were fasted for the final 24 hours. All excreta including cage washings were collected from time of injection until time of death and analyzed for radioactivity. At specified times rabbits were sacrificed with sodium nembutal or pentothal. Heparinized blood, bladder urine, and tissue samples were then removed and the remaining carcass ground and boiled in dilute nitric acid or dissolved in concentrated nitric acid. Bladder urine, proteinfree filtrates of plasma and red cells, acid extracts of tissues and carcass, and acid solutions of carcass were analyzed for radioactivity and potassium. Tissue extracts were prepared (26) by mixing minced tissue samples (about 5 gm.) with 10 volumes of 0.75 N nitric acid for one hour, filtering through a No. 7 Whatman filter paper, and washing to a volume of 100 ml.
These determinations (Figure 1 and Tables V and VI) show that injected K42 is not distributed equally throughout all body potassium within 50 In column 2 is indicated the number of hours after injection the samples were taken. Column 3 shows the potassium content of the cells. Column 4 shows specific activity of the cells and column 5 that of the urine. Column 6 is the ratio of column 4 to column 5. In column 2 is given the time of tissue sampling in hours after the injection of a tracer dose of K42. In the following columns are given the tissue chemical potassium concentration as meq./kg. of wet tissue and the ratios of the specific activity of the tissue to the specific activity of the urine. When the specific activities are the same, this ratio is 1.0. When the tissue specific activity is higher, the ratio is above 1.0; when lower, below 1.0.
hours. In the human as in animals studied earlier by Fenn (25) exchange with plasma potassium is rapid in liver, slower in muscle and still slower in red cells and presumably brain and bone. Furthermore, there are no great differences in exchange rates between rabbit and human so that much of what can be learned from rabbit experiments seems applicable to man. From these tissue data and a knowledge of chemical potassium distribution in the body (10) we can estimate that at 20 hours about 10% of body potassium has not exchanged with tracer and that at 40 hours about 5%o remains unexchanged.
This failure to reach proportional distribution signifies that the values and meaning of "exchangeable" potassium depend on the time and the source of the sample. Three readily available sources of body potassium were studied: plasma, erythrocyte, and urine. The hope that the erythrocyte, as the only easily sampled cell, might reflect overall cell exchange has proven incorrect "I ( Figure 1 ). The circulating plasma 13 During initial studies (1), erythrocyte specific activity was used for the calculation of exchangeable pomight logically be expected to represent over-all exchange but the quantity of potassium available is so small that accurate radioactivity readings using safe tracer doses of K42 are difficult. The similarity between curves of plasma and urine specific activity versus time after injection led at once to detailed investigation of urine as the sample.
Urine potassium as representative body sample Urine specific activity not only seemed to mirror plasma specific activity but urine potassium was easily available, usually in high concentration and sufficient quantity for precise measurement (Table VII) . The renal excretion of potassium is believed to be a combination of glomerular filtration, absorption in proximal tubules, and secretion from distal tubules (27) . Urine potassium obtained soon after injection of K42 might, therefore, be of lower specific activity than simultaneous plasma potassium because of "wash-out" tassium. As experience accumulated it became clear that figures so derived would be 2040% high due to this slowly-exchanging property of the red cell. of natural tubule potassium, or later might show higher specific activity than plasma if the rate of exchange was such that early high plasma activity was retained by renal tubules after the plasma level had dropped. However, since the amount of potassium in normal kidneys is about 15 meq. (10) whereas glomerular filtration alone accounts for turnover of about 750 meq./day, the rapid approach of renal specific activity to plasma specific activity observed in the rabbit might have been anticipated. Another possible source of difference between plasma and urine was exchange across the bladder wall. We have been unable to demonstrate any such exchange following introduction of radiopotassium into the catheterized human bladder but have secured quantitative recovery of instilled K42 from the bladder after several hours, with no detectable radioactivity in plasma. Bladder, ureteral, and renal pelvic residual can also introduce errors, particularly soon after injection.
Despite these considerations which may cause small differences between plasma and urine specific activities during the early hours of equilibration, we have no evidence to support any subsequent variation. In fact, late simultaneous plasma and urine specific activities have agreed within the accuracy of plasma readings (Table VIII) .
Examination of the urine specific activity curve in Figure 1 In columns 3 and 4 are given the comparative specific activities of urine and plasma collected 24-27 hours after intravenous injection of K42. The urine value is the mean of three samples collected at hourly intervals, the serum value is of one sample collected at the time of voiding of the first urine sample.
large mass of muscle potassium approaches the same value. Similarly, urine specific activity in normal subjects (Figure 2 ) reaches within 20 hours a slowly decreasing value which the experimental data cannot distinguish from the decrease expected on the basis of replacement of excreted tracer with ingested natural potassium. However, animal and human data indicate that even at 40 hours after injection, erythrocyte, brain and bone (25) potassium, comprising about 15%0 of the total body potassium, have a specific activity about 70%o that of urine. Theoretically, if the remaining 85%o of body potassium at that time had a mean specific activity 5%o above the simultaneous urine value, urine specific activity would exactly equal the mean body specific activity. Experimentally, specific activity of muscle, liver, kidney, and heart are nearly equal14 to that of simultaneous urine after 20 hours. 14 Figure 1 . Data are plotted at the time of voiding (rather than at the mid-point of the collection period) although the period of collection extended from time zero initially and from the previous time of voiding thereafter. Column 2 shows the amount of chemical potassium ingested with the tracer dose of Ka. In column 3 is shown the potassium excreted in the six hours following ingestion. In columns 4 and 5 are shown the meq. of K excreted in the urine according to the source (dietary or body stores); this is calculated from the per cent of tracer excreted in the six hours of the experiment. It is readily seen (column 4) that with high dietary intakes (subjects 3, 4 and 5), there is an increase in both relative and absolute representation in urine K of the recently ingested dietary K.
A final test of the relationship between urine and whole body specific activity would be the direct comparison of these values in animals. As shown in Table IV the total carcass specific activity does correspond to urine specific activity at 40 hours; and, by corollary, the exchangeable potassium is the same as the total chemical potassium within about 5%o, the approximate analytic error of the method.
It might be expected on the basis of plasmatissue exchange data that orally administered potassium would not come into equilibrium with the total body pool before some of it was excreted. If so, both plasma and urine specific activities might have postprandial values. significantly lower than the body average. Two methods were used to explore this possibility.
(1). Measurement of early urine specific activity after oral K42 administration in three normal subjects ( Figure 3 ) and five hospital patients (Table IX) showed directly that there was dispropor-venously K42 while on low potassium diets and tionately large excretion of recently ingested po-suddenly given a five-fold increase in oral potastassium usually (but not always) increasing with sium showed little change (Figure 4) . Similarly the oral potassium load.
no correlation was found between rate of potas- (2) . Measurement of late urine specific activity sium excretion and urine specific activity 20 to in three hospital patients previously given intra-50 hours after K'2 injection in one hundred sam-EFFECT OF ORAL POTASSIUM ON ples from the healthy male subjects, and no significant difference was detected between fasting "spot" and regular voidings (Figure 2 ).
These data indicate that high oral potassium intake may on occasion lower specific activity in the urine. For this reason an overnight fast is judicious before taking a urine sample for analysis. The apparently conflicting fact that increases in potassium excretion rate following oral ingestion are accompanied by minimal changes in urine specific activity may be accounted for by the small amount of potassium ingested relative to the quantity with which it is exchanged before excretion.
Excretion of K42
Potassium is excreted by the body normally by three routes: urine, feces, and sweat. Balance studies on healthy adult males indicate that renal excretion is about 85-95%b of the total, fecal 5-15%, and sweat, unless excessive, less than 3% (28) . With gastrointestinal disorders excretion in feces, vomitus or drainage may be larger and in severe fever the sweat loss may be as much as 1 meq./hour (29) . Since the average adult in balance takes in and excretes only 2-3% of his total potassium per day, the error introduced by failing to measure fecal and sweat losses in the normal is less than 0.5% of total body potassium. Consequently, only urinary excretion has been examined in this study but it should be remembered in extension of this method to patients that significant amounts of tracer may at times escape by other routes.
Urinary loss of K42 in the normal subjects studied ( Figure 5 ) was small enough that equilibrium was reached before 5%o of the injected dose had been excreted but variable enough (2.5- 7.5%7 in the first 40 hours) that individual correction for loss had to be made in each measurement of exchangeable potassium. This variability is largely explained by the fact that K42 excretion depended on natural potassium excretion which covered a wide range of concentration and rate (Table VII) . After the initial ten hours of greatest variation (because of higher plasma specific activity), the urinary excretion of tracer per 24 hours was about 2.3%o of injected dose and the urinary excretion of natural potassium was about 78 meq./day or 2.3% of potassium content. Total excretion including feces and sweat was then approximately 85 meq./day.
CONCLUSIONS
We may conclude that the amount of potassium which will exchange with administered K42 can be accurately measured using the "equilibrium" specific activity of urine potassium. Use of the modifier "exchangeable" follows from the variations in tissue exchange rates and from the time limitation imposed by safe tracer doses of short-lived K42 which necessitates making measurements before specific activity is uniform throughout the body. The exchangeable potassium content is probably 5% less than total body potassium, the difference being 30%0 of the potassium of red cells, brain and bone which is unexchanged at 40 hours after K42 administration. More precise knowledge of these relationships awaits improvement of present techniques to reduce experimental error below 5%7. Whatever the difference, such exchangeable potassium measurements reveal for the first time the amount of "available," "active," or "freely exchangeable" potassium in the body, which may be found to have greater physiological significance than the total amount present.
SUMMARY
(1) The principle of isotope dilution is applied to measurement of the quantity of potassium in a living man which will exchange with administered K42. The method utilizes urine specific activity as representative of overall body exchange.
(2) The exchangeable potassium content of 29 healthy young men determined by this method varies from 37.0 to 57.1 meq./kg. body weight with the mean 46.3. Reproducibility is within 4% of the mean. The correlation with surface area, basal oxygen consumption, plasma volume, thiocyanate space and total body water are not sufficiently better than that with body weight to warrant their use as a basis for estimating the exchangeable potassium content. A close relationship between exchangeable potassium and 24 hour urine creatinine in five subjects warrants further study.
(3) Potassium exchange in the human is shown to be similar to that of other animals-rapid in most viscera, fairly rapid in muscle but slow enough in red cells, brain and, probably, bone that complete exchange is not accomplished in 40 hours.
(4) Urine specific activity is shown in rabbits to equal mean body specific activity at 40 hours within an experimental error of 5%. Both human and rabbit tissue exhange data indicate that the exchangeable potassium content is probably 5% less than the actual amount of potassium in the body. Although recently ingested potassium has a disproportionately high representation in urine, the effect on urine specific activity of large oral potassium loads is small.
(5) Total excretion of K42 in normal subjects is closely approximated by urinary excretion which varied in this group from 2.5% to 7.5% of dose during the first 40 hours. (6) Isotope effects, toxicity, and sources of error are discussed.
(7) It is concluded that this method offers the investigator a practical new device for the study of electrolyte changes in the living human.
